This study was conducted to investigate the effect of DLC (diamond-like carbon) coating on fatigue properties of austenitic stainless steel SUS304. For the DLC coating, UBMS (unbalanced magnetron sputtering) equipment was used. The generated surface layer of about 2 µm thickness was composed of both the DLC layer possessing high hardness and a very thin intermediate layer to improve adhesion force between the DLC layer and the substrate. DLC coating, which was carried out at a relatively low temperature, had no influence on the microstructure so that the mechanical properties of the stainless steel were unchanged by the coating. The results of the plane-bending fatigue test showed that the DLC coating improved fatigue strength by 18 %. From the results of detailed observation conducted on the fatigue fracture surface, it was suggested that the improvement in fatigue strength resulted from the suppression of fatigue crack initiation due to the surface layer, which had high adhesion force and strength.
Introduction
High-wear resistance and low-friction coefficient are required for machine parts in order to improve both the performance and energy efficiency of machine products. Surface modification is an effective method to improve the above wear characteristics of metals. Recently, many investigations have been actively conducted on wear characteristics, adhesion force and residual stress of surface layers formed by surface-modification methods such as PVD (physical vapor deposition) and CVD (chemical vapor deposition) methods (1) - (8) . In a variety of PVD methods, DLC (diamond-like carbon) coating is especially worthy of attention as a new method. It has already been shown by some studies that this coating can remarkably improve wear resistance and strikingly decrease the friction coefficient of steel and titanium alloys (9) - (13) .
On the other hand, cyclic bending stress is often applied to sliding parts of machine products. It is usually thought that the formation of surface hardened layers can improve the fatigue strength of metals as well as the wear characteristics. For example, however, it has been reported that when titanium and its alloys were gas-nitrided, fatigue strength was reduced by cracking, which was induced in the outermost brittle compound layer under cyclic stress (14) - (19) . This means that the formation of hardened layers does not always improve the fatigue strength of metals. Accordingly, we should investigate the fatigue properties of DLC-coated metals in detail to secure the safety of machine parts.
In this study, we investigated the fatigue properties of DLC-coated austenitic stainless steel SUS304 as a model material. For the DLC coating, UBMS (unbalanced magnetron sputtering) equipment was used. After the characteristics of the DLC layer, such as hardness, Young's modulus, adhesion force, etc., were investigated, the tensile test and plane-bending fatigue test were conducted on the uncoated material and DLC-coated material. Then, the fracture surface and side surface of the tensile specimens were observed by SEM (scanning electron microscope) as well as the fatigue crack initiation sites. Table 1 shows the chemical composition of the austenitic stainless steel SUS304 used as the starting material in this study. To homogenize the microstructure, the stainless steel was solution-treated for 1.2 ks at 1373 K and water-quenched, and then it was machined to the three specimen configurations shown in Fig. 1(a) -(c). Table 1 Chemical composition of stainless steel SUS304 (wt %). For the button-type specimens shown in Fig. 1(a) , the test section was polished to a mirror surface with emery papers (#100-#2,000) and alumina powders (#3,000, #10,000). After DLC coating, these specimens were used to obtain the characteristics of the DLC layer such as the thickness, surface roughness, hardness, Young's modulus and adhesion force. For the tensile specimens and fatigue specimens shown in Fig. 1(b) and (c), their test sections were polished with emery papers and electro-polished to a mirror surface, and then DLC-coated. For comparison, we also prepared uncoated specimens which were polished in the same way.
Materials and Experimental Procedure
DLC coating was conducted for all specimens at the same time, using UBMS equipment. The specimens were pre-heated for 1.8 ks at 773 K in a vacuum of 2.6×10 -3 Pa, and then their surface was cleaned up by argon impingement. After an intermediate layer was formed, the DLC layer was generated for 16.8 ks. In addition, a standard sample (JIS SKH 51 steel) was DLC-coated together with the above specimens. This sample was used to check the condition of the DLC layer by measuring its hardness and adhesion force. Observation of the surface layer was carried out on cross-sections, using a optical microscope. For the uncoated material and DLC-coated material, their microstructure in the substrate was observed after electrolytic etching with 10 % oxalic acid in order to reveal the grain boundaries. Thickness of the formed layer, including the intermediate layer, was measured by the Callot test. Hardness and Young's modulus of the DLC layer were measured 15 times using a nano-indenter, and their average values were used as the experimental values, respectively. Adhesion force of the DLC layer was obtained through a scratch test. Furthermore, hardness distributions from the surface to the inside were obtained for the uncoated material and DLC-coated material, using a micro-Vicker's hardness tester under the test force of 490 mN. In this test, hardness was measured 5 times at each depth and the hardness at each depth was obtained as their average value.
The tensile test was conducted using a universal testing machine for the uncoated material and DLC-coated material. In this test, we measured strain using a strain gauge while increasing the test force in steps. For the tensile test, three specimens were used for each material. After testing, the tensile fracture surface and side surface near the fracture region were observed by SEM (scanning electron microscope). The plane-bending fatigue test was carried out under the conditions of stress ratio R = -1, frequency of 20 Hz in air at room temperature. To investigate the behavior of fatigue crack initiation and propagation, we observed the surface of test sections using a light microscope before fracturing the specimens, and then observed crack initiation sites on the fracture surface in detail using SEM. Figure 2 shows the surface layer observed on the cross-section of the DLC-coated material. Table 2 shows the basic characteristics of the surface layer such as its thickness, hardness and adhesion force. In addition, the thickness of the surface layer was the value measured by the Callot test and included the thickness of the intermediate layer under the DLC layer.
Experimental Results and Discussion

Surface Layer and Microstructure in Substrate
It was understood from Fig. 2 that a surface layer formed on the DLC-coated material and its thickness was about 2 µm. This thickness was almost the same as the value measured by the Callot test, as shown in Table 2 . The Young's modulus of the DLC layer was 1.9 times as high as that of SUS304 steel (see Table 3 ) and it was also very hard. The adhesion force of the DLC layer was lower than the value of the standard sample whose substrate was SKD 51 steel (90 N); however, even if the substrate was stainless steel, the DLC layer fully adhered to the substrate through the intermediate layer and it did not peel off during the tensile test (Fig. 5) . Figure 3 shows the hardness distribution measured from the surface to the inside. As shown in the figure, there was a hardened layer reaching 50 µm depth and the hardness gradually decreased toward the inside to the value of the substrate. This hardened layer could result from strain-hardening occurring while polishing the specimen surface, or the diffusion of either carbon in the DLC layer or elements composing the intermediate layer.
However, since the reason was not clarified in this research, more detailed investigations are needed on this point. Table 2 Fundamental characteristics of the DLC layer. Fig.3 Hardness distribution of the DLC-coated material measured on the cross-section from the surface to the inside. Figure 4 shows the microstructure of the uncoated material and DLC-coated material observed on the cross-section. Comparing the features of the microstructure in the substrate, we could find no remarkable difference between them. In addition, their grain size was almost the same, as shown in Table 3 . As mentioned above, the DLC coating did not affect the microstructure of the stainless steel because it was conducted at a relatively low temperature. Table 3 shows the mechanical properties of the uncoated material and DLC-coated material. In this table, their grain size is shown together. Figure 5 shows the results of observations carried out on the side surface near the fracture regions of the DLC-coated material after the tensile test. Further, Fig. 6 shows feature of the tensile fracture surface observed near the surface and its center. Table 3 Mechanical properties and grain size. In Fig. 5 , we can see that the surface layer of the DLC-coated material cracked in the vertical direction against the specimen axis and the layer broke up into fine pieces; however, the surface layer did not peel off because the intermediate layer suitably adjusted for the difference in deformation between the DLC layer and the substrate through its plastic deformation. This result means that the DLC layer had high adhesion force against the substrate. Since such cracks did not propagate inside, the fracture surface of the DLC-coated material revealed a ductile feature with many dimples, and the same as the fracture feature of the untreated material.
Mechanical Properties
As mentioned above, although the surface layer of the DLC-coated material cracked during the tensile test, the formation of such cracks had no influence on the fracture feature of the stainless steel. In addition, there was no change in the microstructure by DLC coating, as explained in the previous section. Accordingly, the yield stress and tensile strength of the DLC-coated material were almost the same as those of the untreated material, as understood from Table 3 . Furthermore, there was no difference in the elongation and reduction in area between the materials. From the above results, it was confirmed that the DLC coating did not deteriorate the mechanical properties of the stainless steel. Figure 7 shows the S-N curves of the untreated material and DLC-coated material. Figure 8 shows their fatigue crack features before fracture and the fracture surface at the same positions.
Fatigue Properties
From Fig. 7 , it can be seen that there was very little scattering of fatigue life in both materials. This means that the solution treatment as pre-treatment and the following DLC coating were suitably conducted for all fatigue specimens. As clearly understood from the figure, the fatigue strength of the stainless steel as well as the fatigue life was improved by the DLC-coating so that the S-N curve of the DLC-coated material was above that of the uncoated material. In addition, the improvement of fatigue strength with DLC-coating was about 18 %.
On the other hand, when we observed in detail the surface of specimens which survived until 10 7 cycles without fracture, no non-propagating crack was found in each material. This suggested that their fatigue strengths would be decided by the stress amplitude level in which cracks were initiated. As understood from Fig. 8 , the fatigue fracture surface of the uncoated material showed that cracks initiated from the surface. In case of DLC-coated material, its fracture surface revealed that fatigue cracks initiated in the surface layer or just under it, and then cracks propagated inside in a radial pattern. Furthermore, since no feature of the surface layer peeling off the substrate was found on the fracture surface, it can be seen that the adhesion force of the DLC layer was maintained until fatigue fracture occurred under the applied cyclic stress. Fig.8 Feature of fatigue crack initiation sites.
As described in section 3.1, the Young's modulus of the DLC layer was 1.9 times higher than that of the substrate. In this case, high stress must be applied to the DLC layer in the situation in which the DLC layer did not peel off and strain was continuous through the interface between the layer and the substrate (17) - (22) . Further, the DLC layer was very hard so it could cause brittle fracture; however, we found neither brittle fracture of the DLC layer nor the feature of cracks preferentially propagating along the layer on the fatigue fracture surface, as mentioned above. From those facts, it can be concluded that the DLC layer had high strength and strongly adhered to the substrate through the intermediate layer so that fatigue strength of the stainless steel was improved by the suppression of fatigue crack initiation from the surface to a higher cyclic stress level. It should be further noted that formation of the hardened layer under the surface layer (Fig. 3) could contribute to the improvement in fatigue strength because such a hardened layer can suppress slippage occurring in the substrate and reduce its influence on the surface layer, although it was not clarified why the hardened layer formed. In addition, the effect of residual stress generated in the DLC layer was not examined in the present research. Such examination is needed to consider surface layer fracture in detail.
Conclusions
(1) When stainless steel SUS 304 was DLC-coated by UBMS equipment, the formed DLC layer possessed Young's modulus, which was 1.9 times higher than that of the substrate and was very hard. The DLC layer strongly adhered to the substrate through a very thin intermediate layer.
(2) There was no difference in the microstructure and grain size of the substrate between the uncoated material and DLC-coated material. This result showed that DLC coating had no influence on the microstructure of stainless steel.
(3) The yield stress and tensile strength of the DLC-coated material were almost the same as those of the uncoated material. Also, their reduction in area and elongation were about the same, meaning that DLC coating at a relatively low temperature had no influence on the mechanical properties of the stainless steel.
(4) The fatigue strength of the stainless steel improved by 18 % with DLC coating. From the results of observation of the fatigue fracture surface, it was suggested that fatigue crack initiation from the surface was suppressed by the existence of DLC layer so that fatigue strength of the stainless steel was improved.
(5) From the detailed experiments conducted in this study, it was clearly shown that the fatigue strength of the stainless steel was improved without the deterioration of the mechanical properties by DLC-coating, which can improve wear properties such as wear resistance and the friction coefficient.
